52 Spontaneous nonsense mutants in the lac i gene of Escherichia coli were isolated and characterized. All mutants located early in the gene show negative complementation in vivo with a wild-type i gene in a recA diploid strain. In vitro studies show that those mutants that display negative complementing activity in vivo also make lac repressor fragments retaining inducer binding and immunological crossreactivity with wild-type repressor. Amino-acid sequence analysis of these fragments shows that they arise by reinitiation at internal sities of the i message after chain termination at a prior amber or ochre codon.
complementation in vivo with a wild-type i gene in a recA diploid strain. In vitro studies show that those mutants that display negative complementing activity in vivo also make lac repressor fragments retaining inducer binding and immunological crossreactivity with wild-type repressor. Amino-acid sequence analysis of these fragments shows that they arise by reinitiation at internal sities of the i message after chain termination at a prior amber or ochre codon.
There are at least two different internal reinitiation sites in the first 200 nucleotides of the translated part of the i message. The first site corresponds to the first internal in phase AUG codon, which specifies the methionine residue at position 42 of the repressor protein. This site can be activated by an amber codon, 45 nucleotides before the AUG codon. The second site is only 60 nucleotides past the first site and can be activated by an amber mutation derived from residue 60 of the protein. The second initiation codon specifies the amino-acid leucine in the wild-type repressor, but the reinitiated fragment shows an aminoterminal methionine residue at this position. Therefore, the second initiation site seems to involve an in vivo ambiguity of the genetic code in that the same codon can be translated into two different amino acids depending on the recognition of this codon during initiation (when methionine is inserted) or elongation of protein synthesis (when leucine is inserted). The possibility that a codon other than AUG can act as an initiation codon in vivo is discussed.
One object of our current work is to understand how a cell directs the initiation of translation of messenger RNA (mRNA) to occur at specific nucleotide sequences and also to determine the exact nature of these sequences. One approach to this problem has been the direct isolation and sequence analysis of ribosomal initiation sites (1) (2) (3) (4) . A second, independent approach makes use of reinitiation of translation after chain termination. Reinitiation at internal sites within cistrons was first described by Sarabhai and Brenner (5) in the rIIB cistron of phage T4, and later demonstrated by Zipser (6) (7) (8) and Newton (9, 10) and their coworkers in the z gene of the lac operon of Escherichia coli. These studies showed that after chain termination at certain nonsense codons, reinitiation of polypeptide synthesis can occur.
Recently, we have shown that an early spontaneous amber mutation in the i gene gives rise to translational reinitiation; reinitiation occurs past the amber block at the first internal AUG codon of the repressor mRNA (11, 12 (13) . Lac promoter mutants that synthesize low amounts of this enzyme grow extremely slowly or not at all on melibiose at 37-42' (14) . However, constitutive i-or oc derivatives of lac promoter mutants make sufficient y-gene product to allow normal growth on this sugar at high temperature. This observation provides us with a simple procedure for isolating i-mutants if we start with a strain carrying a mutation in the la-promoter.
All i-mutants were isolated in a strain deleted for the proB-lac region and carrying an F'lacproA,B factor. The F' factor was transferred to a set of isogenic amber and ochre suppressor strains to test for suppression of the i-character. We isolated 15,000 independent spontaneous Mel+ revertants at 420 and recovered 5000 high-level lac constitutive mutants. From these we isolated 52 i-nonsense mutants: 22 were identified as carrying amber mutations and 30 as containing ochre mutations ( Table 1) .
The nonsense mutations can be separated into 13 groups on the basis of deletion mapping (Fig. 1) . Further distinctions can be achieved by examining the pattern of suppression. From these data, we can demonstrate that the 52 spontaneous nonsense mutations represent at least 25 different sites in the gene.
In Vivo Detection of Reinitiation Fragments. Reinitiation sites located early in the gene would be expected to yield fragments large enough to retain some properties of the lac repressor. Earlier studies of trp-i fusion strains showed that repressor fragments missing the amino terminus had lost the ability to repress, but still interacted in a negative way with wild-type repressor (15) . We reasoned that if a reinitiation signal was responsible for the generation of such negative complementing fragments, it should be possible to activate it by introducing a nonsense mutation into the gene, just proximal to it. Therefore, we tested each nonsense mutation for negative complementation with a wild-type i gene in recA-diploids (Table 2) . Of the 52 mutations tested, five gave a positive result ( Table 2 ). All five (970, 100, 971, 919, and 136) are amber mutations, and these map into two groups F' lacpro factors carrying different i-mutations were transferred into a set of isogenic strains carrying the amber suppressors Sul, Su2, Su3, and Su6 and the ochre suppressors SuB, SuC, and Su5. The diploids were examined on Xgal indicator plates for the approximate amount of constitutive 13-galactosidase. "+" indicates restoration of i+ activity, whereas "±t" indicates only partial restoration of i+ activity. "-" indicates failure to restore i+ activity. Suppressor designations are as in ref. 35. NT, not tested.
Proc. Nat. Acad. Sci. USA 70 (1973) (Fig. 1) . A sixth mutant, 9A, also gave a positive result. This mutation was derived by 2-aminopurine mutagenesis and is an ochre mutation mapping one deletion group before mutants 919, 971, and 136 (Miller & Ganem, manuscript in preparation).
In Vitro Characterization. The amber mutants displaying negative complementation in vivo also displayed isopropyl-0-D-thiogalactoside (inducer) binding in partially purified cell extracts (12) . There is an approximate 1:10 reduction in total isopropylthiogalactoside binding activity which is a reflection of reduced levels of repressor fragments (at least for ilOO) rather than of an impaired ability of the repressor fragments to bind isopropylthiogalactoside, since the binding constant for isopropylthiogalactoside is identical to that of the wild-type repressor (12) .
Reinitiation fragments from several amber mutants were purified by an ammonium sulfate fractionation step followed by antibody precipitation and Na dodecyl sulfate gel electrophoresis of the anitigen-antibody complex. This procedure yields the molecular weight of the repressor fragment as well as sufficient amounts of pure protein needed to obtain an amino-termina I sequence (12) . Fig. 2 shows the results of an analysis of antigen-antibody complexes obtained on 10% Na dodecyl sulfate-polyacrylamide gels (16) for the wild-type repressor and the reinitiation proteins obtained with amber mutants 100 and 136. The reinitiation fragment of ilOO (termed the ilOO repressor, molecular weight 34,000) is smaller than the wild-type polypeptide chain (molecular weight 38,000). The i136 repressor (molecular weight 30,000-32,000) is in turn smaller than the ilOO repressor. Using the antibody-Na dodecyl sulfate gel procedure on a preparative scale (12) we obtained 100 1Ag of pure reinitiation fragments by elution from Na dodecyl sulfate gels. The recovered proteins were subjected to the microdansyl-Edman procedure (17) and the following aminoterminal sequences were obtained: ilOO, Ala-Glx-Leu-AsxTyr-Ile-Pro; i136, Met-Leu-Ile-Gly-Val-Ala-Thr-. The same Strains were assayed for fl-galactosidase as described (36) . Units are as reported (15) . Diploids were constructed with the chromosome containing a wild-type lac region (i+z+) and the F' factor a z-derivative of each nonsense mutation (iQ, i-, z-). The sensitivity of this test was increased by the overproduction of any altered repressor due to the presence of the iQ allele (39 Weber, unpublished) and found that the amino-terminal sequence of the i136 protein is identical to that following the leucine at position 62, with the exception of the N-terminal amino acid. In the wild-type chain a leucine precedes the Leu-Ile-Gly-Val-Ala-sequence, while in the reinitiation fragment a methionine residue appears in that position (Fig. 3) .
Protein Chemical Mapping of the Amber Mutants. A simple procedure for mapping early mutants in the lac repressor is based on the rapid release of peptides corresponding to the amino-terminal 80-100 residues of the lac repressor after treatment of the protein under native conditions with trypsin (18, 19) . Because of its insolubility, the tryptic peptide spanning the sequence between residues 60 and 82 is difficult to isolate by this procedure. This peptide, however, is readily obtained as part of the peptide spanning residues 52-82, if succinylated repressor is digested by trypsin and the resulting peptides separated by gel filtration on Sephadex G-50 followed by ion-exchange chromatography on DEAE-Cellulose (Files & Weber, unpublished). The combination of both procedures was used to determine the amino-acid change resulting from suppression of amber i136. The suppressor used in this experiment was Su3 (originally termed SuYmel), which inserts tyrosine (20) . The suppressed derivative was constructed by P1 transduction of the i136 mutant to Su+ with a lysate grown' on an Su+ strain. Insertion of the suppressor into the i136 strain restores the wild-type repressor activity. Amino-acid sequence analysis of the suppressed i 136 derivative showed only one amino-acid change in residues (Fig. 4) . The glutamine residue in position 60 is changed to tyrosine. This result shows that the i136 mutation results from a transition to UAG of the CAG triplet coding for glutamine at position 60.
DISCUSSION
We characterized two internal translation reinitiation sites in the early part of the i gene and showed that these two sites are distinct from one another. Ser-Leu-Leu-ILe -Gly-Val-Ala-Thr-Ser-Ser-(Ala2, Val Leu, Ala -Pro-Ser-Gln)-tIe -Lys-Ser- Arg   FIG. 3 . Amino-terminal sequence of the wild-type repressor* and the internally reinitiated proteins. ilOO: The amino-terminal sequence of the i100 protein (-_*) corresponds to residues 43-49 and immediately follows the first internal methionine (residue 42) of the wild-type polypeptide chain. i136: The amino-terminal sequence of the i136 protein (Iv+) corresponds to residues 63-68 and shows an amino-terminal methionine in the position corresponding to a leucine (residue 62) in the wild-type polypeptide chain.
* The amino-acid sequence for residues 1-59 has been reported (12, 19) . In order to isolate the peptide spanning residues 52-84 (peptide A), repressor protein was succinylated and digested with trypsin. Peptide A was isolated by gel filtration on Sephadex G-50 followed by chromatography on DEAE-cellulose. The amino-acid sequence for residues 52-70 is based on direct Edman degradation and isolation of fragments obtained by digestion of peptide A with thermolysin, subtilisin, and chymotrypsin. The carboxyl-terminal residues are assigned from the results obtained by carboxypeptidase digestion of peptide A and by isolation of a thermolysin tetrapeptide, Ile-Lys-Ser-Arg. The residues given in the parentheses are tentative and were deduced from the difference between the amino-acid composition of peptide A and the amino-acid sequence given. Six of these residues are accounted for by the amino-acid sequence of a thermolysin hexapeptide shown in parentheses.
from reinitiation at the first internal in-phase AUG codon of the mRNA of the i gene (12) . This site is activated by the introduction of an amber mutation in the position corresponding to Gln26 in the amino-acid sequence of the lac repressor. Characterization of the second restart, described in this paper, shows that it results from reinitiation at the codon specifying the amino-acid leucine at position 62 in the repressor protein.
The position of the amber block that activates this initiation site has been identified as residue 60 of the protein sequence. The localization of the initiation site is based on the comparison of the amino-terminal seven residues of the i136 repressor with the wild-type repressor amino-acid sequence available and, independently, on the polypeptide-chain molecular weight of the i136 protein. For both ilOQ (12) and i136 proteins, the efficiency of reinitiation is at least 10%, based on the amount of inducer-binding activity and crossreacting material in cell extracts of the mutant strains.
The assumption of a codon specifying the amino-acid leucine as an initiation codon in vivo is a novel one. Although it could be argued that initiation occurs at an in-phase AUG codon before position 62, this hypothesis requires a specific proteolytic degradation of the amino terminus and is ruled out by the fact that one of the ambers (i136), which generates the second restart, has been localized in position 60.
The current results also eliminate the hypothesis that reinitiation occurs at a place later than leucine-specifying codon at position 62. Within the amino-terminal 100 residues of the lac repressor, only the sequence between residues 63 and 68 is identical to the amino-terminal sequence of the i136 protein and no known methionine-containing peptide of the lac repressor contains this amino-acid sequence (19) . Also, the experimentally determined molecular weight of the i136 repressor (30,000-32,000 for the monomer) is in excellent agreement with the value (31,000) predicted by assigning the amino terminus of the i136 protein to residue 62. It could also be argued that initiation at the codon specifying leucine 62 is due not only to introduction of an amber mutation before this site, but simultaneous mutation of the leucine codon by a single base change to an AUG codon. There are two arguments against this possibility. First, we isolated the i136 mutant without the aid of mutagenesis and a second, independently isolated spontaneous amber (i919) mapping in the same deletion group as 136 produces the same reinitiation fragment. Second, the presence of a suppresssor in the i136 strain restores the wild-type polypeptide chain without any alterations other than the anticipated insertion of a tyrosine residue at the amber site in position 60. Specifically, the leucine residue in position 62 is not changed upon suppression (Fig. 4) . In the second model, the codon signaling initiation is a leucine codon that is recognized by an initiator, formylmethionyl-tRNA. We presume that N-formylmethionyltRNA (21) would be the initiator, although we cannot rule out the possibility that an unidentified methionyl-tRNA would be used. In this model a novel type of recognition by a formylmethionyl-tRNA occurs, and this should be considered in light of the current evidence for initiation at non-AUG codons. Experiments in vitro have shown that the binding of N-formylmethionyl-tRNA to ribosomes can be stimulated by AUG and also to a variable degree by GUG, UUG, CUG, and certain other triplets (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Since however, Ghosh and coworkers have argued that only AUG and GUG show significant stimulation of N-formylmethionine incorporation in vitro (22) , it has been widely assumed (33) that only these two codons can act as initiator codons. Isolation of the initiation site sequences of RNA phages has yielded only AUG initiation codons, providing an in vivo proof for AUG initiation by N-formylmethionyl-tRNA (1) (2) (3) (4) . In addition, Sherman and coworkers have found a system in yeast, namely the isocytochrome c cistron, in which AUG but not GUG promotes in vivo initiation (34) . A leucine codon (either UUG or CUG) fails to promote initiation in this system.
Identification of the second initiation site in the i message could be easily explained assuming that N-formylmethionyltRNA is indeed the only transfer RNA capable of initiating and that it can recognize not only AUG and GUG, but also at least one leucine codon, presumably a CUG or UUG leucine codon. This hypothesis would be consistent with the possibility of ambiguity in the first base of the initiation codon during recognition by N-formylmethionyl-tRNA, as has been proposed to explain the in vitro results (22) .
The existence of at least two internal initiation sites (neither apparently active in the absence of nearby termination) within the first 200 nucleotides of the i-gene message raises the possibility that internal initiation sites are very common in bacterial messages. Our evidence that a codon other than AUG can be used for internal initiation increases the number of potential internal initiation sites. We do not know whether reinitiation signals contain special nucleotide sequences that act in conjunction with the initiation codon. Clearly, more initiation signals must be elucidated before the minimal requirements for initiation can be deduced.
